1. Fish can play an important role in coupling benthic and pelagic habitats by consuming benthic prey and providing essential nutrients to algae in dissolved form. However, little is known about the factors affecting the magnitude of this nutrient subsidy. 2. Using laboratory and mesocosm experiments we evaluated how varying ingestion rates of bluegill sunfish (Lepomis macrochirus) affects fish excretion rates of both nitrogen (N) and phosphorus (P). During the 10-week mesocosm experiment, we also evaluated how varying ingestion rates may affect plankton community dynamics, and nutrient flux between pelagic and benthic habitats. Lastly, bioenergetic/mass balance models were used to examine the nutrient stoichiometry of fish body composition and excretion products. 3. Under laboratory conditions, both N and P excretion rates increased with increased ingestion of benthic prey surrogates (earthworms). This effect was more pronounced for N than P. Furthermore, under the more realistic conditions of the mesocosm experiment ingestion rate had no significant effect on P excretion rate. 4. Increased fish ingestion rate in the mesocosm experiment increased total algal biomass and the flux of nutrients from the water column to sediments. Effects of variable ingestion were much stronger on periphyton biomass and algal sedimentation rates than on phytoplankton or zooplankton biomass or composition. 5. Fish body nutrient composition was greatly affected by ingestion rate. N content increased and P content decreased with ingestion rate. As a result, the N : P ratio of fish bodies also increased with ingestion rate. The N : P ratio of nutrients excreted by fish also increased with ingestion rate, counter to predictions of stoichiometric theory, which predicts that excreted N : P ratio is negatively correlated to body N : P. However, this finding can be explained by relaxing the assumption of constant nutrient assimilation rates, and our mass balance data suggest that assimilation rates vary indeed with ingestion rate. 6. Our study provides experimental evidence that translocation of benthic-derived nutrients by fish can affect the flux of nutrients among habitats, while also suggesting that stoichiometry models need to better incorporate how variable ingestion rates affect nutrient assimilation and excretion rates.
also play important roles in nutrient cycling and may have consequences on primary producers that outweigh those of fish via ingestive effects on grazer abundance (Schindler, 1992; Persson, 1997b; Vanni, Layne & Arnott, 1997; Schaus & Vanni, 2000) . Because fish can cycle significant amounts of limiting nutrients, they are able to promote algal biomass and productivity (Brabrand, Faafeng & Nilssen, 1990; Carpenter et al., 1992; Persson, 1997a; Schaus et al., 1997; Attayde & Hansson, 1999; Schaus & Vanni, 2000; Schindler, Knapp & Leavitt, 2001) , as well as drive changes in algal community composition (Drenner et al., 1990; Schindler, 1992; Attayde & Hansson, 1999 , 2001 Schaus & Vanni, 2000) . The supply rate of phosphorus, the most common limiting nutrient in freshwaters, via excretion by fish can be comparable to or exceed external inputs (i.e. from catchments or the atmosphere) (Brabrand et al., 1990; Reinertsen et al., 1990; Persson, 1997a; Schindler et al., 2001) . Consequently, determining which factors mediate nutrient cycling by fish is important to our understanding of food-web dynamics in aquatic ecosystems.
Nutrients are cycled by consumers to primary producers in two spatially distinct ways, either via nutrient recycling or nutrient transport (Vanni, 2002) : nutrient recycling occurs when an organism consumes, transforms, and excretes nutrients in the same habitat, such as zooplankton or fish feeding and excreting in the pelagic zone. The process by which organisms feed in one habitat and excrete in a second habitat is commonly referred to as nutrient transport or translocation (Kitchell et al., 1979; Carpenter & Kitchell, 1987; Vanni, 1996; Schaus et al., 1997) . Fish that feed on benthic organic matter and release benthic-derived nutrients into the water column are good examples of nutrient-transporting organisms. Nutrient transport is likely to be prevalent in nature because most fish, including most 'planktivorous' fish, supplement their diet by feeding on benthic organic matter (Hecky & Hesslein, 1995) . This transfer of nutrients by fish from the benthos to the pelagic zone may play a large role in driving food-web dynamics by directly affecting the community structure and stability of pelagic food-webs (Schindler & Scheuerell, 2002) . Based on stoichiometric principles, the variability in fish diets and ingestion rates (Keast & Welsh, 1968; Baumann & Kitchell, 1974; Sarker, 1977; Mittelbach, Osenberg & Wainwright, 1992) could affect nutrient flux between pelagic and benthic habitats, and the communities receiving these nutrient subsidies. Therefore, it is important to determine how interactions between fish and benthic prey can affect the strength with which these two habitats are coupled via nutrient translocation.
Nutrient cycling by fish is the result of complex interactions between fish physiology and ecology. Physiology sets the upper limits on nutrient excretion rates, while ecological factors determine actual rates (Schindler & Eby, 1997) . Factors such as stress, body size, temperature, and diet have all been shown to drive excretion rates (Hopkins & Cech, 1992; Schindler & Eby, 1997; Elser & Urabe, 1999; Sterner & Elser, 2002; Vanni et al., 2002) . Effects of variation in ingestion rates of fish on nutrient excretion rates have been relatively unexplored. The few studies that have examined how variation in ingestion rate affects nutrient excretion rates of fish have shown that excretion rates generally increase with increasing ingestion rate (e.g. Weisberg & Lotrich, 1982; Wiesmann, Scheid & Pfeffer, 1988; Gershanovich & Pototskij, 1992; Leung, Chu & Wu, 1999; Rodehutscord, Gregus & Pfeffer, 2000) . However, these studies were all conducted under aquacultural or laboratory conditions and have focused on a single excreted nutrient, usually N. Therefore, we need to evaluate the effects of ingestion rate on both N and P excretion rates and how these changes in excretion rates mediate subsequent effects on natural recipient communities and ecosystems.
Nutrient flow within and through an organism must conform to the constraints of mass balance and stoichiometry; therefore, effects of ration size on excretion rates may be understood within the framework of these principles (Sterner, 1990; Sterner & Elser, 2002) . Ecological stoichiometry theory states that the amount (or ratio) of nutrients released by a consumer is a function of the imbalance between the body nutrient composition (or ratio) of the consumer and its prey, as well as the efficiency at which the consumer incorporates nutrients into biomass (Sterner, 1990; Sterner, Elser & Hessen, 1992; Urabe, 1993; Elser & Urabe, 1999) . Therefore, it stands to reason that increased ingestion rate should result in increased excretion rates (Vanni, 1996; Schindler & Eby, 1997) and that ingestion rate could also affect the ratios at which fish excrete nutrients. Stoichiometric models often assume that both the nutrient content and assimilation efficiency of consumers are relatively constant in the face of variation in food nutrient content and ingestion rate. However, it is still not known precisely how changes in ingestion rate affect both N and P excretion rates of fish, and how these changes can then affect communities and ecosystems.
The primary objective of this study was to evaluate how variation in ingestion rates of benthic prey affects the rates and ratios by which fish excrete N and P, and how this variation affects pelagic communities and ecosystem functioning. We assessed how variable ingestion rate affects nutrient excretion in both a laboratory and mesocosm experiment, in which we manipulated the ingestion rate of Lepomis macrochirus Rafinesque (bluegill sunfish) by feeding them different amounts of a model benthic organism Lumbricus terrestris L. (earthworm) and measuring N and P excretion rates. We also assessed community and ecosystem effects of variable ingestion rate by conducting a 10-week mesocosm experiment in which bluegill ingestion rates were manipulated and observations made on plankton biomass and community composition, and nutrient dynamics. In experiments in which, we explicitly quantified N and P released by fish, we considered only excretion and not egestion (faeces production) because excreted nutrients are more readily available to primary producers. Nutrients contained in fecal matter must first be broken down by microbial activity and then transported back up into the water column before becoming available to phytoplankton (Brabrand et al., 1990) . However, we did estimate both N and P egestion rates in the mesocosm experiment using a mass balance/bioenergetics approach (see Methods section), allowing comparison with excretion rates, which were directly measured.
Methods

Laboratory experiment
Under laboratory conditions, we investigated how variability in ingestion rates affects N and P excretion rates of bluegill over a 24 h period. Bluegills of similar size (15-25 g wet mass) were collected from a pond located at Miami University's Ecology Research Center (ERC), Oxford, OH, U.S.A. Fish were then acclimated to laboratory conditions and fed earthworms for 8 days. After the initial acclimation period, all bluegill were starved for 24 h, then randomly assigned to a treatment. In order to eliminate the high within-treatment variability that results from using starved organisms, as found in preliminary experiments, fish were given their allotted food (based on their assigned treatment) after the starvation period, then held for 24 h prior to starting the experiment. The experimental treatments consisted of fish receiving: (1) no ration; (2) 3% ration; (3) 5% ration; and (4) 10% ration. Rations were provided in the form of the earthworm. Lumbricus terrestris, which was used as a benthic food surrogate to simplify the experimental design. Earthworms have body nutrient composition (10.6% N and 0.89% P by dry mass) remarkably similar to aquatic benthic invertebrates (Penczak, 1985; Shoup, 2001; Frost et al., 2003) , fish quickly learn to consume them, and do so at realistic rates (see below), and they are readily available. The amount of earthworms fed to the fish (i.e. ration size) was determined as per cent of fish wet mass. Ration sizes of 3 and 5% were determined based on literature values of bluegill ingestion rates found in nature (Gerking, 1954; Seaburg & Moyle, 1964; Keast & Welsh, 1968; Whitledge & Haywood, 2000) . The 10%-ration treatment was set slightly below the level needed for optimal fish growth as determined in laboratory studies (12-15%; Hanson et al., 1997) and is similar to levels used in prior studies of excretion rates by fish (Tatrai, 1981; Mather et al., 1995) . In addition, we included a Fishless treatment to account for any change in nutrients unrelated to the presence of fish. Each treatment had five replicates except the Fishless treatment which had three because variability among replicates in preliminary studies was low.
To start the experiment, bluegill in the 3, 5 and 10%-ration treatments were again fed the appropriate ration size. After all earthworms were consumed, each bluegill was immediately moved into an aerated 6-L Ziploc Ò bag (S. C. Johnson, Racine, WI) containing filtered pond water taken from the same pond in which the bluegills were collected. The pond water was filtered through a 0.3-lm membrane filter to remove algae and other organisms that may take up nutrients released by the fish. The bluegill were then held without additional food for 24 h under a 16 : 8 h light : dark cycle. Dissolved nutrients (N and P) samples were collected at 0, 2, 6, 18, and 24 h after fish were placed in the bags to obtain temporal patterns in excretion rates. Because stress has been shown to effect excretion rates of fish (e.g. Brabrand et al., 1990; Mather et al., 1995; Shoup, 2001) , the experiment was conducted in a climate controlled room and the bags were well aerated and in coolers to minimise the amount of visual contact with humans and therefore minimise stress. Furthermore, handling of the fish prior to starting the excretion experiments is believed not to have influenced excretion rates based on results of previous studies which used similar methods as described here but also measured effects of handling and showed no effect of handling on fish excretion rates (Mather et al., 1995; Shoup, 2001 ).
Design of mesocosm experiment
Mesocosms were used both to take advantage of potentially strong pelagic-benthic coupling occurring in the littoral zone of lakes, and to provide a controlled environment in which to investigate how different nutrient excretion rates and ratios (resulting from variable ingestion rate) affect plankton communities and nutrient dynamics. A total of 16 cylindrical mesocosms 1.8 m in diameter, 2.2 m high, and holding c. 5000 L were used at the Ecological Research Center. These high-density polypropylene mesocosms were wrapped in black plastic to block light from entering through the sides in an effort to reduce periphyton growth. All 16 mesocosms were filled simultaneously with water from a nearby fishless pond containing natural plankton communities. The water was gravity fed through two screens (154-and 110-lm mesh) to exclude large aquatic invertebrates (such as insects and snails) and tadpoles. Screens of 154-lm mesh were placed over the tops of all mesocosms for the duration of the experiment, except during sampling, to minimise allochthonous inputs. Sediment traps made of four 5.4-cm diameter and 25.4-cm high PVC pipes strapped together, were placed on the bottom of each mesocosm just after the mesocosms were filled. Temperature fluctuations were monitored in one mesocosm per treatment using Hobo Ò temperature loggers (Bourne, MA, U.S.A.) set to sample at 10-min intervals over the course of the experiment. The communities in the mesocosms were left to equilibrate for 5 days before the treatments were applied. Conditions in the mesocosms resembled those in the littoral zone of lakes, with multiple algal groups (phytoplankton and periphyton) competing for the same resources, small (non-daphnid) zooplankton dominating the grazer community and bluegill, a common omnivorous species found in littoral areas of most lakes in the Eastern and Midwestern U.S.A. The mesocosms were oriented north to south in two rows of eight. Therefore, mesocosms were randomly assigned to a treatment using a block design with the two rows as blocks and half of the replicates of each treatment assigned to each row. The treatments were as follows: (1) fishless; (2) no ration (fish present but not fed earthworms); (3) low ration; and (4) high ration. Fish in the low-and high-ration treatments were fed c. 5 and 10% of total fish wet mass each day. Each treatment was replicated four times. Bluegills of 13-35 g wet mass were collected from the same pond from which fish used in the laboratory experiment were obtained. Each bluegill was starved for 48 h to empty its gut and then weighed before being placed into the mesocosm. Each mesocosm (except for the Fishless treatment) received two bluegills, which were placed into a cage made of Vexar (DuPont, Wilmington, DE, U.S.A.; 1.2 m in diameter, 1.2 m tall, with 2.5-cm mesh) that was suspended in the mesocosm. The density of fish used in this experiment (c. 10.6 g m )2 wet mass) was similar to natural bluegill densities found in eutrophic Midwestern lakes (Gerking, 1962) . The cages were used to allow easy access to the bluegill in order to feed them and to determine each fish's state of health, while still allowing the bluegill to feed on pelagic prey. Other experiments have housed bluegill in similar cages with success (e.g. Leibold, 1990; González & Tessier, 1997) . Cages were also placed in the mesocosms of the Fishless treatment as a control. Bluegills were hand-fed daily (around 8 a.m.) in a way that allowed the investigators to watch the bluegills fully consume the earthworms and ensure that both fish in each mesocosm was fed. The method by which we fed fish consisted of attaching each earthworm to a closed safety pin and lowering the earthworm into the mesocosm (just under the surface of the water) using fishing line. This allowed us to watch the bluegill pull the earthworm off the safety pin and consume the earthworm in its entirety. The bluegill stayed near the surface of the water throughout the feeding process and we never witnessed a bluegill spit out an earthworm after pulling it from the safety pin. To initiate feeding, earthworms needed to be submerged in the water for a period of time before the fish would come up to feed. Therefore, as a control for potential nutrients released by earthworms prior Ration-specific N and P excretion by fish 1867 to fish consuming them, earthworms were floated in the fishless and no-ration mesocosms (outside the cages) for 5 min, which was the average length of time it took bluegills to consume the earthworms. Mesocosms were checked daily for dead or dying fish. If a moribund fish was encountered, it was removed and weighed, then replaced with a bluegill of similar size.
Sampling
The experiment ran for 71 days from 5 July to 13 September 2002. Mesocosms were sampled weekly for temperature, dissolved oxygen, pH, light intensity, zooplankton composition and biomass, phytoplankton biomass (chlorophyll a) and dissolved, particulate and total N and P. Integrated zooplankton, phytoplankton and nutrient samples were collected with a 2.5-m long PVC tube with a rubber ball tied to a rope as a stopper. Phytoplankton primary productivity was measured in the laboratory under variable light conditions over a 2 days period (half the mesocosms each day) on 17 and 18 July 2002 using methods described in Knoll, Vanni & Renwick (2003) .
To evaluate how ration size affects nutrient cycling by bluegill under mesocosm conditions, excretion rates of bluegill in each mesocosm were measured twice (24 July and 25 August 2002) over the course of the experiment. To measure excretion rates, both fish were removed from each mesocosm 4 h after feeding and placed for 1 h in a plastic lined cooler filled with filtered (0.3 lm) pond water. Fish were removed 4 h after feeding in order to capture relatively high excretion rates for both N and P, based on results of the laboratory experiment. An incubation time of 1 h was used to minimise the amount of time the bluegill were out of the mesocosms (and hence not feeding), while allowing time for accumulating enough N and P to accurately measure excretion rates (e.g. Mather et al., 1995; Schaus et al., 1997) . Dissolved nutrient samples were taken before, immediately after, and 1 h after the fish were placed in the cooler. Temperature and subsequent dissolved oxygen levels were maintained at levels similar to those found in the mesocosms. Sampling was conducted in the same manner as the laboratory excretion experiment. The temporal dynamics of excretion rates observed in the laboratory experiment were used in conjunction with the mesocosm-measured rates to estimate daily mesocosm excretion rates of bluegill. This was done by first obtaining a multiplier that was equal to the 4 h rate in the laboratory experiment divided by the mean daily rate in the laboratory experiment. Then, by multiplying the mesocosm excretion rate (taken at hour 4) by this multiplier we obtained daily excretion rates of the bluegill in the mesocosms.
Before the morning feeding on the final day of the experiment, one fish was taken from each mesocosm, while the second fish was given the appropriate ration and taken 12 h later. In both cases, fish were weighed, sacrificed and put on ice to be brought back to the laboratory where their stomachs were removed, weighed and dissected for content analysis, while the rest of the fish was ground up for body N and P content. Removing the fish at different times of the day allowed us to account for daily variation in feeding known to occur in natural bluegill populations (e.g. Keast & Welsh, 1968) . Gut content analysis was carried out by identifying and counting all contents identifiable in the stomach of each bluegill. Counts were then converted into biomass using estimates of mean species biomass obtained from previous studies (Downing & Rigler, 1984; Mather et al., 1995) .
In addition to the regular weekly sampling, sediment, phytoplankton composition and periphyton samples were also collected on the last day. Sediment traps were collected and their contents brought back to the laboratory where they were analysed for chlorophyll a (chl a), particulate carbon (C) and nitrogen (N), and particulate phosphorus (PP). Before emptying the mesocosms, loosely attached periphyton was sampled by scraping a 9-cm swath from the sides of the tanks from the bottom of the mesocosm to the water surface in all four cardinal directions. Immediately after the water was removed from each mesocosm, a second periphyton sample was taken within the swaths already sampled using a razorblade. This second sample was carried out to account for periphyton attached to the walls that was not removed by the previous sampling. The two types of periphyton samples were analysed separately for chl a, C and N, and PP and then used together to estimate total periphyton in each mesocosm. To determine the effect of our treatments on algal and nutrient dynamic we constructed budgets for algae (using chl a as a measure of algal biomass) and N and P, at the end of the experiment. The budgets included all the major compartments (seston, including zooplankton, phytoplankton, periphyton, sediment, and fish) and were calculated by simply subtracting the biomass measured on the final day of sampling (day 71) from those taken on the day the treatments were started.
All dissolved and total nutrient samples were acidified and stored in a cold room before being analysed. Samples for particulate nutrient analysis were filtered onto Gelman A/E glass fibre filters (East Hills, NY, U.S.A.) and either frozen (C and N) or stored at room temperature (PP) until analysed. Chlorophyll samples were filtered onto a Gelman 45 mm A/E glass fibre filter and frozen. Phytoplankton composition samples were preserved in Lugol's solution and zooplankton samples were preserved using sugar formalin (200 g of sugar dissolved in 1-L of 37% formaldehyde) in the amount of 10% of sample volume.
Sample analysis
Zooplankton community composition was determined under a compound microscope. Each sample was concentrated to 15-20 mL before two sub-samples were taken using a 1-mL Henson-Stempel pipette and counted using a Sedgewick-Rafter counting cell. Zooplankton were identified to genus except copepods, which were categorised as cyclopoids, calanoids or nauplii. Zooplankton biomass was determined using length-weight regressions for rotifers established by M.J. González (pers. comm.) and for all other zooplankton using Downing & Rigler (1984) . Phytoplankton composition was determined using an inverted microscope. Biovolumes were calculated using the equation for geometric volume that most closely resembles the species' shape. Algal biomass was estimated by measuring chlorophyll a concentrations using a Turner TD-700 Fluorometer (Mountain View, CA, U.S.A.) after extracting samples in acetone for at least 2 h but less than 12 h prior to reading. Soluble reactive phosphorus (SRP), ammonia, nitrite + nitrate (hereafter referred to as nitrate or NO 3 ) , because nitrite levels were negligible) and total phosphorus (TP) analyses were run on a Lachat 8000 series autoanalyzer (Hach, Loveland, CO, U.S.A.). Total nitrogen (TN) was quantified using second-derivative spectrophotometry (Crumpton, Isenhart & Mitchell, 1992) . TP and TN samples were digested with potassium persulphate prior to analysis. Particulate phosphorus samples were analysed using HCl digestion and the molybdate method (Stainton, Capel & Armstrong, 1977; Vanni et al., 2002) . C and N samples were run on a Perkin Elmer Series 2400 CHN analyzer (Boston, MA, U.S.A.).
Bioenergetics analysis
To gain a better understanding of how ration size (ingestion rate) affected nutrient dynamics, we used bioenergetic models to quantify N and P flux through bluegill in each mesocosm treatment. This was carried out by calculating total bluegill ingestion rates using the Bajkov (1935) model, in which the weight of stomach contents was multiplied by the gut passage time (24 h divided by the digestive rate). To determine the digestive rate of bluegill, we needed to adjust the literature values for bluegill digestive rates (Seaburg & Moyle, 1964; Windell, 1966) to account for differences in experimental conditions. The two most important differences between our study and those of Seaburg & Moyle (1964) and Windell (1966) was the higher water temperature and continuous feeding by our fish, both likely to increase the digestive rate of fish. The mean water temperature in our study was c. 4°C higher than that reported by Seaburg & Moyle (1964) and Windell (1966) . Furthermore, because of the continuous feeding nature of bluegill (Sarker, 1977) and the low occurrence of bluegill with empty stomach both in our study and in previous studies (Seaburg & Moyle, 1964; Keast & Welsh, 1968) , we determined that bluegill in our experiment were more likely to maintain a digestion rate required to evacuate 50-75% of their gut contents (taking 5-12 h) than 100% (taking 18-20 h), as depicted by Seaburg & Moyle (1964) and Windell (1966) . Therefore, to account for the higher temperatures in our study and the continuous feeding, we estimated gut passage time to be 7.5 h. Using this estimate we then calculated ingestion rate (I) as described above, which was then used in combination with field-measured growth (G) and excretion (E) to estimate egestion (F), based on the mass balance principle:
Statistical analysis
Treatment differences in N and P excretion rates and the molar N : P ratio at which nutrients were excreted (hereafter excretion N : P ratio) in the laboratory experiments were determined using the 24 h mean excretion rate of each treatment in a one-way A N O V A A N O V A , followed by a Tukey test.
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Analysis of time series data in the mesocosm experiment was carried out by calculating the timeintegrated response using trapezoidal approximation to remove the effect of time (Stewart, 1999) and the means were compared via a series of two-sample t-tests (Walpole et al., 1998) . For the t-tests, Satterthwaite's approximation for unequal variance and a Bonferroni correction to the overall significance level were both utilised. Comparisons among treatments for all non-time series data were analysed using oneway A N O V A A N O V A s after log-transformation (JMP, SAS Institute Inc., 1996). All significant differences were then tested using a Tukey test to determine which treatment means differed. The blocking variable was never found to be a significant variable in any of the analyses. The two estimates of daily excretion rates measured in July and August were analysed for treatment differences separately due to differences in environmental condition (i.e. changes in water temperature), while zooplankton and phytoplankton biomass data were averaged over the course of the experiment before being analysed. Analysis of overall treatment differences in zooplankton and phytoplankton community composition, algal and nutrient concentrations, as well as bluegill body nutrient composition were all conducted using data collected on the final day of the experiment.
Results
Bluegill nutrient excretions in a laboratory experiment
Both N and P excretion rates were high shortly after feeding, then declined over time (Fig. 1) . However, potentially important differences were observed in the dynamics of N and P excretion rates. N excretion rates peaked at different times depending on treatment and did not always return to low, constant rates over the 24 h period (Fig. 1a) . In contrast, P excretion rates peaked within 2 h of feeding then rapidly declined to a low, constant level in all treatments (Fig. 1b) .
N and P excretion rates of fed bluegill increased with increasing ration size. Statistical differences were found for both N and P excretion rates among all treatments in which the diet of the fish were supplemented with the simulated-benthic prey (Fig. 1) . Furthermore, N excretion rates differed among all treatments except the no-ration and 3%-ration treatments (Fig. 1a) . However, bluegill P excretion rates varied greatly among replicates in the no-ration treatment, and thus the 10%-ration treatment was the only treatment that differed statistically from the no-ration treatment (Fig. 1b) . In general, treatment differences in P excretion rates were less pronounced than N excretion rate differences (Fig. 1) . Although No ration 3% ration 5% ration 10% ration a a 3% ration No ration 5% ration 10% ration a ab
No ration 5% ration 10% ration 3% ration a ab Fig. 1 (a) Nitrogen and (b) phosphorus excretion rates and (c) molar N : P ratios of excretions by bluegill after being fed one of four ration sizes under laboratory conditions. Bars in all graphs indicate 1 SD. Letters above error bars indicate significant differences between treatments at the P < 0.05 level, unless indicated by an asterisk (*), in which case significance was found at P < 0.10.
the treatments did not differ in excreted N : P ratios at any individual time interval, all treatments showed the similar trends of low N : P ratios excreted shortly after feeding, followed by peak excreted N : P ratios 8 h after feeding and finally returning to low molar N : P excretion levels by hour 24. Furthermore, while the excretion N : P ratio averaged over the 24 h period did not differ among treatments in which fish were fed, unfed bluegill in the no-ration treatment tended to excrete at lower N : P ratios than bluegill in the 3%-ration treatment (P ¼ 0.06).
Bluegill diet in mesocosms
Analysis of gut contents taken on the final day of the mesocosm experiment showed that bluegill diet (excluding earthworms fed to fish) consisted almost entirely of emerging chironomid larvae and zooplankton (cladocerans, copepods, Chaoborus and ostracods) in all three treatments with fish. However, no statistical differences were detected in the amount of nonearthworm biomass found in the stomach of bluegill among the three treatments with fish (P ¼ 0.91). Gut content analysis and estimated ingestion rates using Bajkov (1935) calculations suggests that high-ration bluegill had twice the ingestion rate of low-ration bluegill and earthworms made up a substantial amount of the gut biomass of fish in both the Low (38% of gut mass) and high-ration (52%) treatment (Table 1) . Therefore, based on the finding that bluegill in both low-and high-ration treatments consumed similar amounts of non-earthworm prey and that earthworms fed to the fish represented a high percentage of their daily food needs, we feel confident that we were able to manipulate total ingestion rates as desired.
Bluegill excretion rates in mesocosms
The effects of ration size on bluegill excretion rates of P under mesocosm conditions differed from those found in the laboratory experiment, while effects on N excretion rates were similar to laboratory experiments. N excretion rates increased with ration size both in July (P < 0.01) and August (P < 0.01), as found in the laboratory experiment (Fig. 2a) . In contrast, P excretion rates did not increase with ration size on either sampling date (July P ¼ 0.15, August P ¼ 0.47; Fig. 2b ). The molar N : P ratios significantly differed Ration-specific N and P excretion by fish 1871 only between the no-ration and high-ration treatments (July P ¼ 0.07, August P ¼ 0.03); however, a trend of increasing excretion N : P with ration size was found on both sampling dates (Fig. 2c) .
Total and dissolved nutrients
The amount of TP found in the water column declined steadily over the course of the mesocosm experiment, from c. 40 lg P L )1 at the beginning of the experiment to c. 20 lg P L )1 by the experiment's end, in all four treatments. Marginally significant differences were detected for the amount of TP in the water column using the time-integrated response analysis (P ¼ 0.06), with no-ration treatment having less TP in the water column than both low-and high-ration treatments, respectively. However, these differences may not have biological significance because the difference in TP among these treatments was less than 2 lg P L )1
. TN also showed a decline over the course of the experiment in all treatments with values starting around 1.8 mg N L )1 and dropping below
. No differences were detected among fish treatments, but the fishless treatment had significantly lower amounts of TN compared with all of the treatments with fish (P < 0.01). SRP (P ¼ 0.81) and NO 3 ) (P ¼ 0.85) showed no statistical differences among treatments, and differences in ammonia were only marginally significant (P ¼ 0.06). In contrast to total N and P, concentrations of dissolved inorganic nutrients in the water column remained relatively constant for the duration of the experiment. .
Zooplankton
To determine if the fish cages used in the mesocosm experiment created a refuge for zooplankton outside the cages, we analysed zooplankton samples taken within and outside cages. No statistical differences were observed in rotifer (P ¼ 0.99), copepod (P ¼ 0.28), cladoceran (P ¼ 0.17), or total zooplankton biomass (P ¼ 0.58), suggesting that the cages did not create a significant refuge for zooplankton from fish predation. Total zooplankton biomass did not statistically differ among treatments over the course of the experiment (Fig. 3) . Similarly, the mean biomass of the three major zooplankton groups (rotifers P ¼ 0.35, cladocerans P ¼ 0.38, copepods P ¼ 0.13) also did not differ statistically among treatments (Fig. 3) . By the end of the experiment the zooplankton community was dominated by cyclopoid copepods, followed by the cladoceran Simocephalus, with calanoid copepods and rotifers contributing only a minor part of overall zooplankton biomass. No large daphnids were present in this experiment. As with biomass averaged over the entire experiment, no statistical differences in zooplankton total biomass were detected among treatments on the final day of the experiment (P ¼ 0.46). In summary, neither the addition of fish nor the ration size fed to fish had any statistically measurable effect on zooplankton biomass or community composition.
Phytoplankton
The phytoplankton response to the applied treatments averaged over the course of the mesocosm experiment also revealed surprisingly few differences. The presence of fish resulted in significant differences among treatments, with phytoplankton biomass (chlorophyll a) being significantly lower in the fishless treatment than in all the treatments with fish (P < 0.01; Fig. 4a ), while ration size had no statistically significant effect on phytoplankton biomass (Fig. 4a) . Light-saturated primary productivity rates per unit chlorophyll measured mid-way through the experiment also revealed no significant differences among treatments (P ¼ 0.85). Phytoplankton community composition was also very similar among treatments at the end of the experiment. Among phytoplankton groups, only Chlorophyta (per cent of total biovolume) showed a significant differences among treatments, being significantly lower in the fishless treatment than both the no-ration and high-ration treatments (Fig. 4b) . However, among the treatments in which fish were fed, Cyanobacteria, Dinophyta and Bacillariophyta all showed similar decreasing trends as ration size fed to fish increased in terms of per cent of total biovolume, while Cryptophyta increased as ration size increased (Fig. 4c) . The relative contribution of inedible phytoplankton, based on size (>30 lm, including Aphanizomenon, Cosmarium and Ceratium), also increased with ration size, but this trend was only marginally significant (P ¼ 0.07; Fig. 4c ). Ration-specific N and P excretion by fish 1873
Algal biomass
No significant among-treatment differences in phytoplankton biomass (chlorophyll a) were observed on the final day of the mesocosm experiment (P ¼ 0.33; Fig. 5 ). Furthermore, phytoplankton biomass made up a relatively small fraction of the total algal biomass in the mesocosms (Fig. 5) . Periphyton biomass comprised about half the total algal biomass found in the mesocosms, and was significantly lower in the low-ration treatment than in the high-ration treatment (P ¼ 0.04; Fig. 5 ). The amount of sedimented algae was comparable with that of periphyton and was significantly higher in the high-ration treatment than in the fishless treatment (P < 0.05). In addition, there was a trend toward increased algal sedimentation with increasing ration size although it was not significant (Fig. 5) . Lastly, total algal biomass (sum of chlorophyll in phytoplankton, periphyton and sedimented organic matter) was significantly higher in the high-ration treatment than all other treatments (P < 0.01; Fig. 5 ).
Nutrient budgets
The N and P budgets constructed on the final day of the mesocosm experiment show consistent trends both within and among treatments for each of the four major nutrient pools measured (Fig. 6a,b) . Overall, sediment sequestered the most nutrients (both N and P), followed by periphyton and fish. However, the mass of N and P in seston showed a net loss (Fig. 6 ). Concentrations in all major nutrient pools generally increased with the addition of fish or with ration size fed to fish, except P in the seston pool, which remained constant among treatments (Fig. 6 ). The amount of N lost from the seston pool differed among the fishless and high-ration treatment, with other treatments intermediate (P < 0.05; Fig. 6a) , while the loss of P from the water column did not differ among treatments (P ¼ 0.84; Fig. 6b ). The sequestration of N by periphyton over the course of the experiment did not differ statistically among treatments (P ¼ 0.25; Fig. 6a) ; however, the amount of P sequestered by periphyton was significantly lower in the Fishless treatment than in all treatments with fish (P < 0.01; Fig. 6b ). The amounts of both sedimented N and P were significantly higher in the high-ration treatment than in the fishless treatment, with other treatments intermediate (N: P ¼ 0.02; P: P < 0.05; Fig. 6a,b) . The proportion of P stored in fish compared with the total P pool was substantially greater than the amount of N stored in fish compared with the total N pool (Fig. 6a,b) . Lastly, both N and P sequestration by fish increased as ration size increased, however, only P sequestration by fish resulted in treatment differences. Furthermore, bluegill in the no-ration treatment sequestered significantly less N and P than fish in the low-and highration treatments (N: P ¼ 0.02; P: P ¼ 0.04; Fig. 6a,b) . bluegill increased while P content decreased as ration size increased (Fig. 7) . However, bluegill P content differed among all treatments (P < 0.01), while N content differed only among the no-ration and highration treatments (P < 0.01; Fig. 7 ). The opposing trends in bluegill N and P content resulted in a significantly higher body N : P ratio of fish as ration size increased (P < 0.01; Fig. 7 ).
Nutrient composition of bluegill
Fish bioenergetics/mass balance
As predicted, bioenergetics analyses using the Bajkov (1935) model showed that the high-ration treatment in the mesocosm experiment had the highest estimated ingestion rate, followed by the low-ration treatment, and then the no-ration treatment (Table 1) . Both P and N assimilation efficiencies differed >2.5· among treatments (Table 1) . Bluegill in both the no-ration and high-ration treatments had lower assimilation efficiencies for P compared with bluegill in the Ration-specific N and P excretion by fish 1875 low-ration treatment (Table 1) . However, the allocation of P to growth was almost 1.5 times higher for bluegill in the high-ration treatment compared with bluegill in the low ration, while bluegill in the noration treatment had very low allocation of P to growth over the course of the experiment (Table 1) . Allocation of N to growth followed the same general trend as assimilations efficiencies but again the highration bluegills tended to show a surprisingly high N allocation to growth in comparison with its assimilation efficiency (Table 1) . Finally, as for P, the amount of N sequestered in bluegill of the no-ration treatment was not significantly different from zero (Table 1) .
Discussion
Nutrient excretion rates and ratios
Our laboratory excretion results suggest that N : P ratios excreted by fish can vary, because of temporal differences in the release rate of N versus P, over a 24-h period. Mather et al. (1995) found similar fluctuations in excreted N : P ratios for bluegill feeding on chironomids over a 24 h period. The fluctuation in N : P excretion rates over a 24 h period could have potential consequences for communities in aquatic ecosystems. While it is unrealistic to think that bluegills feed only once a day, temporally variable bluegill N : P excretion ratios could alter algal community composition, if peak daily feeding times of bluegill coincide with daily migrations between different habitats. Based on the findings by Keast & Welsh (1968) that bluegill have two peak feeding times per day shortly after they migrate to and from the littoral zone after sunrise and before sunset, our data suggests that peak excretion rates by bluegill may occur c. 4 h after both sunrise when the bluegill are still feeding in the littoral zone and sunset when the bluegill have moved into the pelagic zone to feed (Keast & Welsh, 1968 ; also shown to occur in L. gibbosus L. -Collins & Hinch, 1993) . These two peaks in excretion rates, occurring in either the littoral or pelagic zone, could be very different from one another because of potential differences in the type of prey captured (e.g. benthic invertebrates in the littoral zone and zooplankton in the pelagic zone) and water temperature. Because both diet and temperature affect excretion rate (Sterner & Elser, 2002; Vanni et al., 2002) , it is likely that the peak excretion rates occurring in the littoral and pelagic zone are different and could affect algal community structure as well as nutrient dynamics between these two habitats. The significant increases in N and P excretion rates with increasing ration sizes, found under laboratory conditions suggests that the daily excretion rates of both N and P can be altered by changes in ingestion rates of fish. Although differences among treatments were much more pronounced for N excretion than for P excretion, differences in the N : P excretion ratio among treatments were minimal, and temporal variation in N : P excretion ratio were greater than differences among treatments (Fig. 1) . The relationship between ingestion rate and excretion rate appeared linear for both N and P, based on the finding that excretion rate tended to increase proportionally to ration size. This trend agrees with results of earlier findings on how ration size affects N release in laboratory experiments (Tatrai, 1981; Cui & Wootton, 1988) . Furthermore, this linear relationship between ingestion rate and excretion rate also suggests that fish maintain relatively homeostatic levels of body nutrients and assimilation efficiency under varying ingestion rates (over the short-time scale of such experiments) resulting in variable excretion rates, as predicted by ecological stoichiometry theory (Sterner et al., 1992; Sterner & Elser, 2002) and assumed in many fish bioenergetic models (e.g. Hanson et al., 1997) . However, the same treatments applied under mesocosm conditions did not show a linear relationship between ingestion rate and excretion rate, suggesting that a consumer's body nutrient content and assimilation efficiency may not be as constant as previously thought (see Bioenergetics and mass balance section below).
We evaluated the relative importance of bluegill in transporting nutrients into the pelagic zone using data on excretion rates, diets and nutrient pools in the different mesocosm treatments. Although we were not able to directly measure both the amount of recycled nutrients (i.e. nutrients taken and released in the same habitat) and transported nutrient (i.e. nutrients taken from one habitat and released into another), we could estimate nutrient transport rates by subtracting the amount of nutrients excreted by bluegill in the no-ration treatment (all recycled nutrients) from the amount excreted by bluegill in both the low-and high-ration treatments (both recycled and transported nutrients). The difference is roughly equal to the amount of nutrients transported into the pelagic zone by bluegill and derived from simulated benthic prey (i.e. earthworms). This approach is only valid because no statistical differences were found among treatments in the amount of non-earthworm prey consumed by bluegill. We estimated that between 2 and 4% of the total amount of SRP found in the water column was added to the pelagic zone daily in the low-and high-ration treatments, respectively. This is not a trivial amount. For example, by the end of the experiment bluegill in the low-ration treatment would have added nearly 3· the amount of SRP found in the pelagic zone.
Plankton
Fish can play important roles in driving pelagic foodweb dynamics (e.g. Carpenter et al., 1992; Schaus & Vanni, 2000) . However, it is still unclear whether the reduction of grazing pressure on phytoplankton by fish feeding on herbivorous zooplankton (i.e. topdown process) or nutrients supplied by fish excretions (i.e. bottom-up process) is the more important mechanism driving food-web dynamics Attayde & Hansson, 1999) . The enhancement of phytoplankton biomass (chlorophyll) in the presence of fish occurred despite the fact that there were no detectable effects of fish on zooplankton biomass, species composition and thus presumably grazing pressure on phytoplankton. This suggests that the role of nutrient cycling by fish is more important than the effects of fish on zooplankton grazing rates, in terms of driving phytoplankton biomass, in agreement with some other experimental studies (Schindler, 1992; Persson, 1997b; . However, the weak grazing effect observed in this experiment may be because of the absence of large grazers such as daphnids, which generally drive grazing-induced changes in phytoplankton, as well as the relatively low consumption of zooplankton by bluegill.
We predicted that differences in the amount of nutrients excreted by fish (because of variable ingestion rates) among treatments would result in differences in pelagic community composition. However, the lack of differences in zooplankton communities among treatments suggest that zooplankton were unable to take advantage of the increased nutrient supply to the system via increased excretion by bluegill fed supplementary benthic prey in the form of earthworms. Similarly, because our fish gut analysis suggests that the amounts and types of pelagic prey consumed by bluegill were consistent among treatments, at least at the end of the experiment, we can eliminate the hypothesis that consumption of zooplankton by fish compensated for lack of benthic prey, and that total ingestion rates were similar among treatments. An alternative hypothesis to explain why treatments given additional nutrients (via earthworms) did not have higher zooplankton biomass is that inedible algae dominate systems with higher nutrient supply rates (Evans, Robarts & Arts, 1995) , thereby constraining zooplankton growth. If inedible species dominate the phytoplankton community, much of the nutrients could be locked up in the algae and not transferred up the food-web (Leibold, 1989; Hansson et al., 1998) . The phytoplankton compositional data give some support for this idea, in that the relative abundance of inedible phytoplankton (per cent of total biomass) tended to increase with increased ration size fed to fish (Fig. 4c) . However, inedible algae made up less than 25% of the phytoplankton community and it is unclear whether or not this amount of inedible algae could cause the lack of response by zooplankton to treatment differences found in our experiment.
Although the N : P excretion ratio increased significantly with ration size in the mesocosm experiment, we observed few among-treatment differences in phytoplankton community composition. The apparently weak treatment effect on phytoplankton communities could be explained by any or all of several reasons. One possible reason for the lack of response of phytoplankton to treatments is that N : P excretion ratios were generally well above the Redfield ratio (Fig. 2c) , which should promote P limitation in all treatments. Alternatively, any shift in community composition toward large filamentous or colonial algae could have been missed because of the likelihood of these algae to settle out of the water column and become included in the sedimented algal pool. Although different amounts of nutrients were being supplied to the different treatments as desired, we did not observe the large community response we predicted. This suggests that nutrient flow, even through a relatively simple food-web, is complex. Consequently, we compared algal biomass and constructed a nutrient budget in an attempt to Ration-specific N and P excretion by fish 1877 better understand these dynamics throughout the food-web.
Algal biomass and nutrient budgets
Although phytoplankton biomass made up only a small fraction of the total algal biomass, it may have played an important role by settling out into the sediment pool. Our results suggests that while the phytoplankton fraction did not accumulate the nutrients released by fish in the pelagic zone, phytoplankton are likely to have played an important role in cycling fish-derived nutrients through the pelagic zone and, by settling out of the water column, back into the benthos.
Previous enclosure studies examining how fish affect algal sedimentation show that the presence of fish tends to reduce phytoplankton sedimentation rates (Mazumder et al., 1989; Larocque et al., 1996) , but our results contradict these findings. Sedimentation rates also tended to increase as fish ingestion rates increased. These results give empirical evidence that benthic feeding of fish may increase nutrient transfer back into the benthic food-web. This transfer of nutrients back into the benthic food web may lead to an increase in secondary benthic productivity which could result in increased stability or changes in benthic food-web structure (Rosenzweig, 1995) .
To evaluate the impact of nutrient transport by fish on community and ecosystem function, N and P budgets were constructed. Both N and P budgets showed consistent trends within a given treatment. However, N and P budgets were not similar in treatment differences among the various nutrient pools. Bluegill in both the low-and high-ration treatments sequestered large amounts of P, while no-ration bluegill feeding solely on prey found in the water column recorded no change in P mass stored in their bodies, showing how benthic prey can play a crucial role in P sequestration.
We also observed somewhat surprising differences among treatments in bluegill body nutrient composition. As ration size increased, body N content increased. In contrast, body P decreased as ration size fed to fish increased. The production and storage of more proteins as ingestion rate increased could explain the increase in body N in bluegill. Furthermore, one might also predict that per cent P would increase with higher ingestion rates because of increased production of RNA and skeletal matter, which are comprised of c. 10 and 12% of P (Elser et al., 1996) and are vital in the sustenance of high growth rates. However, in another study, also found that well-fed fish had lower body P than fish that were not well fed. One possible explanation for this pattern is that bluegill in the high ingestion rate treatments were not building relatively more skeletal matter but instead were increasing lipid and protein production and storage. This increase in mass without proportionately increases in the amount of skeletal matter in the body may result in a dilution of P in fish bodies. This mechanism needs to be investigated more explicitly, using controlled feeding and growth experiments. Lastly, the effect of increasing ingestion rate on per cent N and per cent P resulted in a significant increase in body N : P ratio of bluegill, suggesting that body N : P ratios may not be as constant as previously thought (Sterner & Elser, 2002) .
Bluegill bioenergetics and mass balance
Based on the assumption that a consumer's body nutrient composition and nutrient assimilation efficiency are relatively constant, stoichiometry theory predicts that body N : P ratio is inversely related to the N : P ratio of excretions (Sterner & Elser, 2002) . However, we found that both the excretion N : P ratio (Fig. 2c) and the body N : P ratio (Fig. 7) of bluegill increased as ration size increased. The discrepancy between stoichiometry theory and this finding could result from among-treatment differences in nutrient assimilation efficiency of bluegill. Our results support this hypothesis in that both N and P assimilation efficiencies were highly variable among bluegill of different ration size treatments. Furthermore, because bluegills in the high-ration treatment were able to allocate a higher percentage of the assimilated P to growth, they released a smaller per cent of the P consumed via excretion. In contrast, bluegills in the low-ration treatment had approximately one-third the growth rate and two-thirds the ingestion rate of bluegill in the high-ration treatment, yet bluegill in the low-ration treatment were able to assimilate a higher per cent of phosphorus consumed (Table 1) . As a result, bluegill in the low-ration treatment not only excreted P at a higher rate (Table 1) , but also excreted a higher percentage of the total P consumed (33% versus 16%) than bluegill in the high-ration treatment (Table 1) . These results show how, under certain conditions, fish with lower ingestion rates can have a greater effect on communities and nutrient cycling in a system, and also identify a potential explanation for how both bluegill body and excretion N : P ratios can respond in the same ways to increasing ration size (via changes in assimilation efficiency).
Finally, the relatively high P assimilation and growth efficiencies in the low-and high-ration treatments may help explain why the effects of increased ingestion rate on algal communities were not as great as predicted. Bluegill gross growth efficiencies for P (i.e. P allocated to growth divided by P consumed) were 60 and 67% in the low-and high-ration treatments. These efficiencies include all P consumed, not just that from earthworms. Given that P incorporation in bluegill body mass was near zero in the no-ration treatment, the efficiency with which bluegills converted earthworm P into their own body P was probably even higher than 60% (low ration) or 67% (high ration). The relatively high efficiency with which bluegills sequestered earthworm P may help explain the relatively low P excretion rates.
In conclusion, the results of this study show how commonly observed changes in fish ingestion rates can drive important changes in the nutrient supply rate and ratios, which can affect both biomass and composition of primary producers. Furthermore, this study suggests that stoichiometric models and theory need to better incorporate the effects of varying ingestion and assimilation rates. Lastly, this study also provides some evidence supporting the notion that benthic-pelagic coupling by fish, via translocation of nutrients and increased sedimentation, plays an important role in determining ecosystem functioning by altering the cycling of nutrients between benthic and pelagic habitats.
